Wild and managed bees provide effective crop pollination services worldwide. Protected 16 cropping conditions are thought to alter the ambient environmental conditions in which 17 pollinators forage for flowers, yet few studies have compared conditions at the edges and 18 centre of growing tunnels. We measured environmental variables (temperature, relative 19 humidity, wind speed, white light and UV light) and surveyed the activity of managed 20 honeybees Apis mellifera, wild stingless bees Tetragonula carbonaria and sweat bees 21
1
.
With increasing worldwide demand for fresh fruit and vegetables, producers are increasingly 41 turning to protected cropping in order to expand suitable growing regions, stabilize yields and 42 improve product quality (Lamont, 2009 ). This involves housing the crop in a facility built 43 with glass or semi-transparent plastic to protect it from external natural hazards, such as 44 temperature extremes, heavy rain and wind damage (Gruda and Tanny, 2014; Lang, 2014) . 45
Such structures also allow for manipulation of the crop micro-environment to facilitate 46 optimal plant growth, induce early flowering and extend fruit production duration, allowing 47 growers to produce valuable out-of-season produce (Gruda and Tanny, 2014) . 48 49 Plant physiological responses to protected cropping environments are comparatively well 50 known (Gruda and Tanny, 2014 ), yet few studies have focused on the interactions between 51 plant responses and pollinator performance within enclosures (Ariza et al., 2012; Dag and 52 Eisikowitch, 1999) . Pollinator-dependent crops grown in protected environments, such 53 blueberry (Vaccinium spp.) and raspberry (Rubus idaeus L.), require additional management 54 considerations given they rely on pollinator performance to optimize yield and quality 55 (Andrikopoulos and Cane, 2018; Benjamin and Winfree, 2014; Klein et al., 2007 ). Yet, 56 despite increasing adoption of protected cropping practices worldwide, little is known about 57 the behavior, performance and response to climatic conditions of beneficial insect pollinators 58 in these systems. 59 60 Unventilated protected cropping environments commonly have higher temperature and 61 humidity and lower radiation levels than the external environment (Harmanto et al., 2006) . 62
Wind speed is reduced and plants are provided with consistent water, nutrients and in some 63 systems, CO 2 (Gruda and Tanny, 2014) . The capacity to control these factors may act to 64 enhance growing conditions for some crop species (Bakker, 1989; Mortensen, 1987; Slack 65 and Hand, 1983; Wittwer and Robb, 1964) . For instance, the environmental conditions under 66 protected cropping conditions can alter flower abundance and longevity, nectar volume and 67 concentration, and pollen dehiscence compared to plants grown in open environments 68 (Corbet et al., 1979; Dag and Eisikowitch, 1999) . Such changes to plant physiology likely 69 influence bee foraging behaviour and longevity in protected cropping systems through altered 70 resource availability (Di Pasquale et al., 2013; Vaudo et al., 2015) . The environmental 71 conditions themselves under covers may further limit pollinator health, activity and foraging 72 efficiency through more direct means (Nielsen et al., 2017; Evans et al., 2019) . 73 74 Most commercial raspberry and blueberry cultivars benefit from insect pollination to obtain 75 higher quality fruit ( European honeybee (Apis mellifera L.) colonies for pollination services, but wild stingless 93 and solitary bees can provide a free crop pollination service and the commercial use of 94 stingless bees is also growing in Australia (Halcroft et al., 2013; Heard and Dollin, 2000) . 95
96 Raspberry -The raspberry study site was located in Corindi, New South Wales (29° 97 59'17"S, 153°08'27"E, Fig. 1a ). The farm is a commercial enterprise of ~ 325 ha managed 98 by the Costa group, adopting conventional agricultural practices to the production of 99 raspberry cultivars on approximately 95 ha and blueberry cultivars on 240 ha. Raspberry was 100 grown in single variety blocks under ~ 100 m long polythene-protected tunnels (polytunnels) 101 at both east-west and north-south orientations (Fig. 1b ). Each tunnel covered three rows of 102 plants separated by 2.85 m. Domesticated European honeybees were stocked at a rate of 8 103 hives ha -1 across the farm, whilst native stingless and other bees were from wild populations 104 nesting in surrounding forest and bare earth in and around the farm. 105
106 Blueberry -The blueberry study site was located in Walkamin, Queensland (17° 06'49"S, 107 tunnels later used for pollinator surveys. These hives were positioned 3 m away from tunnel 115 openings at the eastern side, one in front of every second tunnel, at a density of 11.7 hives ha -116 1 . Wild colonies of Tetragonula sp. were also present around the farm. 117 118 Due to variation in the number of available polytunnels between the two study locations and 119 differences in plant growth and flower morphology between the berry species, pollinator 120 surveys and fruit collection were conducted in slightly different but complementary ways at 121 the two sites. 122
Pollinator surveys 124
Raspberry -Pollinator surveys were conducted in the Austral late spring, summer and early 125 autumn, between November 2017 and March 2018. Suitable survey tunnels were selected 126 based on the flowering period of raspberry plants and the presence of stingless bees within 127 tunnels. To reduce edge effects, the middle row (of three within each tunnel) was selected for 128 surveys (n=23). Starting with the plant closest to the edge of the tunnel, surveys were 129 conducted within a defined area -from the middle of the plant in the pot to half way between 130 it and the pot to either side ( Fig. 1b ). Surveys were conducted for one minute, recording the 131 identity of all individuals visiting the reproductive parts of flowers (e.g. honeybee, stingless 132 bee). This was then repeated at every fifth plant along the row to the opposite end of the 133 tunnel, giving a spacing of ~ 4 m between survey points. In March 2018, surveys were 134 conducted at a subset of tunnels (n=8, with two tunnels at a time surveyed consecutively over 135 a three-day period) across three different time-periods (10:00-12:00, 12:00-14:00 and 14:00-136 16:00). This ensured that each tunnel was surveyed across each of the three time periods on 137 different days. For instance, on day one a survey was conducted during 10:00-12:00 at one tunnel and during 12:00-14:00 in the other, then rotated through the other time periods on 139 subsequent days. Remaining pairs of tunnels were then surveyed following the same method. 140 141 Blueberry -Transects were conducted down the entire 100 m length of the centre row of each 142 of nine tunnels. Six transects were conducted per day in each tunnel at hourly intervals 143 between 10:00 and 15:00, with each tunnel being visited for a total of three randomised days 144 during fine weather. Each hourly transect was conducted on the opposite side of the row to 145 the previous transect, for a total of three transects on the northern side of the row and three 146 transects on the southern side of the row, per day. Transects were walked at a slow pace (12 147 m min -1 ) with observers scanning flowers for insect visitors on the closest half of the plant 148 from the centre of the row. Transects were walked into the direction of the Sun to avoid 149 shadows disturbing foraging insects. Tallies of insect flower-visitors were recoded for each 4 150 m length of row, encompassing five blueberry plants (Fig. 1c ). The site was visited during the 151 peak blooming period, between 31 April -17 May 2018. 152 153
Microclimate data 154
Raspberry -Microclimatic conditions within tunnels were recorded during the period of 155 consecutive three-day surveys in March 2018. Twelve Kestrel DROP 2 temperature and 156 relative humidity (RH) loggers (© Nielsen-Kellerman) were placed in each of the two survey 157 tunnels, spaced evenly along the length of the tunnel. These remained in place for three days 158 to record environmental conditions whilst repeat insect surveys were performed, then rotated 159 to other tunnels to repeat the process-for a total of eight tunnels over a two-week period. 160 Loggers were hung above the raspberry plants and attached with cable ties (Fig. 1d ). The white polypropylene plastic bowls, suspended 10 cm above the temperature sensor ( Fig. 1d) . 175
At the conclusion of each day, the two sets of loggers were positioned into the following 176 day's survey tunnels, in a randomised rotating system. 177 178
Fruit yield and quality 179
Raspberry -In March 2018, following completion of the consecutive tunnel visits, one stem 180 (containing at least five flowers/early fruits) on each of the survey plants (every fifth plant) 181 for the first half of the transect, were bagged using white mesh organza bags. When berries 182 ripened, bags were removed, fruits picked and measurements taken-height, width and fruit 183 weight, the number of druplets and fruit crumbliness (an industry measure of quality, 184 (Daubeny et al., 1967; Jennings, 1967) . Separate models were run for each of the three bee species most commonly recorded: 208 honeybees, stingless bees and a species of sweat bee (Homalictus urbanus Smith). For 209 blueberry, only honeybees were recorded in sufficient number to be included in the analysis. 210
A nested random factor of block and row by survey date was included in models to account 211 for resampling within tunnels. Two variables (relative humidity and white light) were highly 212 correlated (>0.7) with other variables and were removed from models prior to analysis. As 213 values differed by orders of magnitude, all predictor variables were rescaled prior to analyses, 214 using the scale function. Third, we tested whether fruit yield and quality differed between the 215 edge and centre of tunnels using Welch's t-tests. For raspberry, we tested whether 216 characteristics of fruit quality (weight, height, width, number of druplets and crumbliness) 217 varied with position in polytunnels (edge versus centre). Fruits from all surveyed plants 218 within each section were grouped. For blueberry, average berry weight and total yield per 219 plant were used as response variables. Fourth, to assess if these fruit quality metrics 220 correlated with the abundance of honeybees, stingless bees and total bee abundance in 221 raspberry, and honeybee abundance in blueberry, we performed separate Spearman rank 222 correlations for each yield and quality metric. Finally, to test which of our explanatory 223 variables (visitation rates or microclimate) best explained differences in fruit yield and/or 224 quality, we used generalised linear mixed models using the glmmadmb package tunnels, and fewer visits to flowers toward the middle of tunnels (Fig. 2) . This led to a 245 reduction in visits per minute, from ~7 visits per minute down to ~5.5 visits for honeybees 246 and from ~4.5 visits per minute to ~0.5 visits for stingless bees (Fig. 2a ). The wild native bee 247 species H. urbanus (Halictidae) provided lower but consistent visitation throughout the 248 length of tunnels (Est=-0.12, SE=0.19, P=0.53), relative to honeybees and stingless bees ( 258 Microclimatic conditions changed along the length of polytunnels (Fig. S1 ). Average 259 temperature increased with increasing distance into tunnels from the edge (raspberry: 260
Est=0.001 , SE=0.0005, P<0.01, Fig. S1a ; blueberry: Est=0.0004 , SE=0.0002, P=0.03, Fig.  261 S1d), whilst relative humidity decreased for raspberry (Est=-0.002 , SE=0.0008, P<0.01, Fig.  262 S1b), but remained fairly constant for blueberry (Est=-0.0004 , SE=0.0002, P=0.08). Average wind speeds also decreased further into polytunnels containing raspberry (Est=-0.03 , 264 SE=0.006, P<0.01, Fig. S1c ), whilst both UV and white light remained unchanged 265 throughout tunnels (UV: Est=0.002 , SE=0.003, P=0.38; white light: Est=0.006 , SE=0.004, 266 P=0.16). 267 268
Microclimate variables in relation to pollinator visitation and abundance 269
Raspberry -Visitation by honeybees, stingless bees and sweat bees increased with increasing 270 average temperature (honeybee: Est=0.39, SE=0.09, P<0.01, Fig. 3a ; stingless bee: Est=0.97, 271 SE=0.16, P<0.01, Fig. 3b ; sweat bee: Est=0.92, SE=0.39, P=0.02, Fig. 3c ). Both honeybee 272 and stingless bee visits also increased with increasing wind speed inside the polytunnel 273 (honeybee: Est=0.16, SE=0.06, P=0.01, Fig. 3d ; stingless bee: Est=0.21, SE=0.09, P=0.02, 274 Blueberry -Average berry weight and average yield per plant was significantly higher for 290 plants at the edges of tunnels compared to the centre (Welch's t-test: average berry weight, t 291 = -2.43, df = 23.2, P < 0.05; total yield per plant, t = -4.01, df = 20.8, P < 0.001, Figs. 4a, 4b) . 292
There were also significant positive relationships between pollinator abundance and average 293 blueberry weight (ρ = 0.605) and yield per plant (ρ = 0.633) across the different sections of 294 the polytunnels (Spearman's correlation test: berry weight, S = 1443.4, n = 28, P < 0.001; 295 yield per plant, S = 1342, n = 28, P < 0.001, Figs. 5d, 5e 298 Raspberry -Fruit shape (height and width) and number of druplets were most reduced by 299 increased temperature conditions (Table 1 ). Fruit quality (crumbliness) was improved with 300 greater visitation by sweat bees. Fruit crumbliness was also negatively affected by the 301 interaction between this bee species and average temperatures along the length of polytunnels 302 (Table 1) . 303 304 Blueberry -Average berry weight and total berry yield per plant both increased with greater 305 visitation by honeybees (Table 1) . Total yield per plant was also reduced with increased 306 temperature conditions (Table 1) . 307 The results of this study demonstrate that polytunnels vary in conditions for fruit production 310 along their length. First, we found that forager activity was greatly reduced in the centre of 311 tunnels for both crops. This result supports similar reduced honeybee visitation to raspberry 312 grown under protected cropping in Denmark (Nielsen et al., 2017) . The close proximity of tunnels to both managed hives and native vegetation that supports wild bees is such that we 314 would not expect bee foraging to differ across the length of tunnels under optimal conditions. 315
Plant age and flowering density were consistent throughout tunnels, and both honeybees and 316 stingless bees are known to travel several hundred metres to several kilometres to locate food 317 Other microclimatic conditions associated with protected cropping environments may also 337 directly impact bee foraging behaviour, colony dynamics and health (Lang, 2014) . For instance, as bees are highly sensitive to ultraviolet (UV) light (Peitsch et al., 1992) , polythene 339 coverings used in commercial polytunnels alter light intensity and impact bee foraging 340 (Morandin et al., 2001 ). If conditions are not ideal for bee foraging, colonies may suffer 341 physical stress, disease or poor nutrition, or may simply avoid foraging in these environments 342 (Dag, 2008; Pinzauti, 1994; Whittington and Winston, 2003) . Whilst UV light did not change 343 across the length of tunnels here, the effect of altered light may be intensified as bees forage 344 further into tunnels, particularly when they are already under heat stress, limiting their ability 345 to successfully access flowers toward the centre. 346 347 Third, we found that average berry weight and overall fruit yield in blueberries and quality in 348 raspberries, were reduced in the centre of polytunnels. Changes in yield down the length of 349 tunnels was negatively correlated with bee abundance, indicating pollinator foraging activity 350 is likely related to high-quality fruit, as in other studies (Garratt et Finally, we found that microclimatic conditions in tunnels had a more direct impact on fruit 362 quality than bee visitation in raspberry, while in blueberries, increased honeybee visitation improved both yield and average weight of berries, but higher temperatures reduced total 364 blueberry yield. This indicates that increased temperature at the centre of tunnels is likely 365 driving the responses here, both to the number of visits to flowers by pollinators, and the 366 resulting fruit set in berry crops. In greenhouse-grown tomato, high temperatures are known 367 to negatively affect fruit-set, pollen viability and pollen release, which may be improved by 368 lowering temperature and increasing humidity (Sato et al., 2006; Harel et al., 2014) . Within 369 cropping enclosures, temperature and relative humidity interact to alter vapour pressure 370 deficit (VPD), which in turn affects plant respiration and disease susceptibility (Gruda & 371 Tanney, 2014) . How animal-pollinated crops respond to heat stress and altered VPD in 372 protected cropping conditions still remains largely unexplored. If pollinator abundance and 373 berry yields are to be improved, optimal conditions need to be maintained across the length 374 of tunnels, probably through physical alteration to current structures to reduce heat stress and 375 improve airflow. . However, to effectively use stingless bees for crop pollination, optimal conditions 387 must be maintained across the length of polytunnels. In addition to T. carbonaria and A. mellifera, this study also identified a sweat bee, H. urbanus foraging in some of the tunnels. 389
However, little is known of the capacity of this species to pollinate other crops or their 390 activity patterns in protected cropping conditions. Homalictus species nest in bare earth, often 391 in aggregations -that is, many nests all clustered together, or many individuals using the 392 same nest entrance (Michener, 1960) . Given this nesting behaviour, there is potential for 393 simple management strategies to attract this free wild pollinator to nest at the base of crops 394 and provide a valuable contribution to pollination. Research and development on these and 395 other wild and managed taxa that are already providing such pollination services is urgently 396 needed to maximise our understanding of their biological needs (Cunningham et al., 2002; 397 Jaffé et al., 2015) . Such understanding will aid selection of the most appropriate polytunnel 398 design to improve foraging conditions and maximize this vital pollination service to crop 399 production. 400 401 
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